Cavity quantum electrodynamics -the study of interactions of individual atoms with quantum fields in cavities -has grown into an active area of quantum optics. 2 A seminal experiment in this area was the inhibition of spontaneous emission of an excited atom, first demonstrated in our laboratory some years ago. 3 During this past year, we have completed a study of the evolution of small ensembles of atoms in a microwave cavity. Our goal is to observe the dynamics of an atom-vacuum system in the quantum regime.
The last term in equation (2) accounts for dissipation. The probability that a member of the system is excited at time t is related to the expectation value of D' by where 0 and 0 are the standard angles in spherical coordinates. The field operator at is identified with e, a classical electric field in the cavity. The evolution of the system is described by 6
where 5 = w -wo Equation (4c) includes a damping term and a random force Ft(t) that account for the coupling of the radiation mode to the thermal reservoir of the cavity walls. It can be shown that the probability of excitation at time t is given by 1 1 Pe(t,N) = 1 < q(t,N, 0(0)) >0(0) +
N 2
where the average over 0(0) is carried out over an appropriate distribution of initial angles arising from thermal fluctuations.
There is no general way to parametrize the behavior of the atom-cavity system, but for underdamped motion one feature is particularly easy to observe experimentally: this is the time Tmin at which Pe(t,N) achieves its first minimum. We define the "collapse frequency" vco, by Although Pe(t,N) is a complicated function of the system parameters, Haroche 5 has pointed out that the variation of vco, with the number of atoms N can be accurately parameterized (7) to the calculations.
The experiments employ an atomic beam of calcium Rydberg atoms and a split superconducting cavity operated at 35 GHz. At the ambient temperature of 2 K, the mean blackbody photon number is 0.8. Selective field ionization allows us to monitor simultaneously the populations of the initial and final states. The time evolution of the atomic system is probed by "Stark switching." The collective oscillations of energy between ensembles of atoms and a cavity with Q > 107 are being studied for one to several hundred atoms.
The experiment is carried out with the apparatus shown in figure 2. A calcium atomic beam is prepared in the 46p state (abbreviation for the 4s46p 1 P, state) inside the cavity using a three-step pulsed dye laser system. The final laser beam is polarized along the cavity electric field so that the 46p(m=0) state is excited relative to this quantization axis. The two states involved in the atom-cavity oscillations are thus the 46p(m=0) (upper state) and 46s (lower state). The frequency of the 46p -+ 46s transition in calcium is 35.332 GHz; the atomcavity coupling frequency >oa/2~ calculated for this transition and our cavity dimensions is 105 kHz. Observing underdamped behavior for a single atom in the cavity requires Q > 2 x 105. To avoid undesirable effects of blackbody radiation, the one-atom experiments require temperatures <2K, for which n50.8. psec, which corresponds to two cycles of the single-atom-cavity oscillation. After the atoms exit the cavity, they enter the detector region where selective field ionization is used to detect and differentiate the two states.
We measure Pe(t, N) for each value of N by scanning the time t when a 200 mVpulse is applied between the cavity halves. (N is the mean number of atoms in the cavity.) In this way, we count the number of atoms detected in the 46p and 46s states as a function of the atom-cavity interaction time. Sample data are shown in figure 3.
An important feature of the experiment is the use of a split superconducting cavity. By applying an electric field between the two halves, the atomic resonance can be shifted far from resonance with the cavity, thereby terminating the atom-cavity interaction. This effectively freezes the atomic population at the moment at which the voltage pulse is applied. By using a carefully designed choke groove structure, we suppress leakage from the cavity and achieve a quality factor Q> 107 in niobium and lead-plated copper cavities.
A series of time evolution curves for various values of N was studied. Observed atom-cavity oscillations for Q = 1.18 x 107 and T = 2.17K for two values of Nd. The solid curves are fits of the data to damped sinusoids, from which vcol is extracted. The open circles are the atoms detected in the 46p state, and the filled squares are the atoms detected in the 46s state. Tint is the atom-cavity interaction time.
display some of the data along with the calculated time evolution curves.
We also compared our results with theory for a single atom in the cavity. Single atom experiments are of special significance because they represent the limit of small systems. Furthermore, they have the experimental advantage of being free of much of the uncertainty in detection efficiency, assuming that the mean number of atoms detected per pulse is small compared to unity. For these studies, we generally operated with an average of 0.04 atoms detected per laser pulse. The observed and calculated evolution of a single atom in the cavity with Q = 1.5 x 106 and T = 1.95K are shown in figure 6. We believe that the damping which is evident in the data is due to stray electric and magnetic fields, and possibly thermal effects.
In support of these studies, we also carried out a high resolution study of the microwave spectrum of calcium Rydberg states. The results are described in a thesis, 7 and in the publications listed below. treated as a perturbation. However, for an atom in a Rydberg state, the magnetic interaction is comparable to the Coulomb interaction and perturbation theory fails completely. Although calculations based on diagonalizing as many as 200,000 basis states were carried out, theorists cannot yet predict energy levels for high-lying Rydberg states and for positive energy (continuum) states. Experiments are essential for guiding new theoretical approaches.
Our research centers on high resolution spectroscopy of Rydberg atoms in a magnetic field. Recent results include the study of: (1) anticrossings between energy levels, which provide information on mixing between levels in a regime of "approximate symmetry"; (2) quantum behavior in the regime where the classical system exhibits strong chaotic motion; and (3) energy level structure and ionization mechanisms when the energy is above the ionization limit.
The experiment employs two c.w. dye lasers to excite an atomic beam of lithium inside of a superconducting solenoid. (Lithium is essentially hydrogen-like, but with small differences which are of some interest in their own right.) The first laser excites the atom from the 2S to the 3S state by a two-photon transition; the second laser excites the atom to a Rydberg state with a single photon. "Level repulsion," the tendency for energy levels to avoid crossing each other as the magnetic field is changed, provides information on the coupling between levels. We studied level repulsion effects due to the presence of lithium core electrons. In addition, we studied the level repulsion that occurs due to the inherent nature of the diamagnetic interaction. Figure 7 shows the first experimental study of level repulsion due to the diamagnetic interaction. The disappearance of the lower state is a characteristic feature which distinguishes this anticrossing from a lithium core-induced anticrossing. The diamagnetic anticrossing is a result of a breakdown of an approximate symmetry of the system. The theory for this anticrossing, which is close to the region of complete chaos, is still not complete. 9
When the energy is above the zero point energy of the free electron-magnetic field system, the atom can spontaneously ionize. We observed the first high resolution spectra near and above the ionization limit.10 Figure 8 shows some of these spectra. We discovered many narrow resonances in this regime. The lifetimes of the narrow resonances are greater than a few thousand cyclotron periods. Such long lifetimes are unexpected on the basis of classical studies.
We also found that states which approach the ionization limit form a series similar to the Rydberg series of the unperturbed atoms. Moreover, we discovered additional Rydberg-like series that each converge to one of a sequence of Landau levels. The system behaves as if the motion were separable.
Because the atom-magnetic field system is confined in the direction perpendicular to the magnetic field, the quantum states extend along the magnetic field direction and behave like a one-dimensional hydrogen atom. As a result, traverse Landau energy is simply added to the longitudinal Rydberg energy. The discovery of orderly structure in a regime that is believed to be chaotic suggests that either the connection between quantum mechanics and chaos is not well understood, or that a good deal of order is possible in a region of chaos. Systematic study is continuing on the structure and linewidth of the positive energy resonances and the mechanisms of ionization.
During this past year, we have also carried out the first high resolution study of the atom-magnetic field system in the regime where classical motion undergoes a transition from regular to chaotic motion. The com- monly used tool for the study of quantum chaos is energy level statistics. Such studies require locating and resolving each level in a pure sequence, for example odd parity, m=O states. The task becomes experimentally difficult when the system approaches chaos because small electric fields can cause mixing with states of opposite parity, and a small misalignment of the polarization can introduce states of m = + 1. Consequently, theoretical guidance is required to identify the states in the particular sequence under study. Figure 9 shows our recent progress in calculating levels for high Rydberg states in a magnetic field. The calculation is done by diagonalizing about 2,700 states of lithium using an IBM RT computer. 
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The Rydberg constant R is prominent among the fundamental constants as the primary atomic standard of length. Recent experiments determined R to an accuracy of nearly one part in 1010, using optical spectroscopy." The limitation to these measurements is not the inherent precision of the experiment but the accuracy of the wavelength standard. It is now generally accepted that optical wavelengths cannot be compared to a precision greater than 1 part in 1010 . One consequence of this limitation is that length is now defined in terms of the distance traveled by light in a fixed time interval, rather than in terms of a certain number of optical wavelengths. Thus, wavelength measurements of R appear to have reached a natural barrier.
We are attempting to advance the precision of R by measuring it in frequency units.
(The specific quantity we shall measure is cR). We shall accomplish this by measuring millimeter wave transitions between Rydberg states of hydrogen. Because the frequency of millimeter radiation can be measured to the full precision of modern atomic clocks, the experiment is not limited by metrological standards.
The goal of our experiment is three-fold: First is the reevaluation of R itself. Second is the measurement of the Lamb shift. Because our measurements involve high angular momentum states for which the Lamb shift is extremely small, a comparison of our results with optical measurements can yield an improved value of the Lamb shift. Third is the precise frequency calibration of the spectrum of hydrogen to allow an independent check of optical frequency metrology as it starts to advance.
We are determining the Rydberg constant by measuring the frequency of the In = 29 -+ n = 30 1 "circular" transition in atomic hydrogen, using the Ramsey separated oscillatory field method. The experiment is designed to achieve an accuracy of 1 part in 1011, an order of magnitude improvement over the present state of the art." The transition frequency, 256 GHz, is low enough to allow us to use established techniques to phase lock our millimeter-wave source directly to a cesium primary frequency standard.
At the time of our last progress report, we had completed construction of an atomic During the past year, we experimented with an alternative excitation scheme for the Rydberg state, using three-step excitation to n=29 through the 2p and 3s states. This effort included the development of a singlemode tunable pulsed YAG-pumped titanium sapphire laser. For the present, however, we have returned to our original method. Also, we developed a flexible, CAMAC-MACbased data acquisition system. Using this, we studied the hydrogen intensity and dissociation within the discharge (see figure 10) . The system is also being applied to numerous tasks in the diagnosis and control of the apparatus. The millimeter wave system is a critical element in the experiment. We have continued the development of quasi-optical components for the manipulation and detection of the millimeter wave radiation, including lenses, beamsplitters, and polarizers. A scanned antenna-coupled pyroelectric detector system has been developed for mapping the millimeter wave beam profiles. A map of the radiation profile at the atomic beam is shown in figure 11.
We have begun designing the controlled field region in which the actual measurement will take place and hope to complete construction of the apparatus in the coming year. Efforts are also continuing to optimize the hydrogen beam source and the efficiency of the circular state production. * Experiments that weigh y-rays can be used in a new method to determine Avogadro's number, NA, a key fundamental constant whose accurate determination would permit the replacement of the artifact mass standard by an atomic mass standard.
Precision Mass

Spectroscopy of Ions
* Traditional applications of mass spectroscopy should benefit from the several orders of magnitude improvement in both accuracy and sensitivity which our approach offers over conventional techniques.
In our experimental approach, we measure ion cyclotron resonance on a single molecular or atomic ion in a Penning trap, a highly uniform magnetic field with axial confinement provided by weaker electric fields. We monitor ions, oscillating along magnetic field lines, by the currents induced in the trap electrodes. Working with only a single ion is essential because space charge from other ions leads to undesired frequency shifts. This work in trapping and precision resonance draws on techniques developed by Hans Dehmelt at the University of Washington and Norman Ramsey at Harvard University, for which they shared the 1989 Nobel Prize.
Our most notable was determining molecular nitrogen accomplishment this year the carbon monoxidemass ratio to an accuracy of 4 x 10-10.13 The ratio of the cyclotron frequencies of the two ions is the inverse of the ratio of the masses as long as the magnetic field remains constant. By trapping first a single N ion and measuring its frequency, and then swapping to a single CO + ion, and then back again to N-, we are able to correct for drifts in the magnetic field to about 0.5 parts per billion (see figure 12) .
We have developed techniques for driving, cooling, and measuring the frequencies of all three normal modes of Penning trap motion. Thus, we can manipulate the ion position reproducibly to within 30 microns of the center of the trap, correcting for electrostatic shifts in the cyclotron frequency to great accuracy.
We use a 7n-pulse method to coherently swap the phase and action of the cyclotron with the axial modes. 14 Therefore, although we detect only the axial motion directly, we can determine cyclotron frequency by measuring how much phase accumulates in the cyclotron motion in a known time interval (see figure 13) .
Currently, precision is limited by magnetic field imperfections and temporal instabilities. Achieving our long range goal of 10 -11 precision requires either dramatic improvements in field stability or simultaneous comparison of two different ions. With two ions of equal charge, the ion-ion perturbations are very similar for each ion and, hence, do not introduce significant uncertainty in the mass ratio. Our group has succeeded in trapping a single CO + ion and a single N ion simultaneously.
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In the coming year, we plan to develop techniques for making precision resonance measurements on two ions simultaneously. During the last year, our atom interferometer evolved from a rough plan to an essentially complete device. At present, we have tested all its major components at least once. We will test the complete system during the coming year.
Our interferometer consists of three 0.2 m-period diffraction gratings equally spaced -0.65 m apart in our atomic beam machine. The maximum separation of the beams will be -60jm. The first two gratings separate and redirect the atomic beam forming a standing wave interference pattern in the atomic flux at the third grating, which acts like a mask to sample this pattern.
We can estimate our anticipated final signal strength from the properties of the individual gratings. Attenuation caused by the primary grating and the grating support structure gives an intensity in the 0th order of -oneeighth of the incident intensity and onesixteenth in each of the + 1 orders. The final intensity detected at the maximum of a fringe after transmission through all three gratings can be calculated by summing the amplitudes for the two sides of the interferometer and will be 0.005 of the incident intensity. The fringe constant will be 4 to 1, so the interference signal will be 0.004 of the incident intensity. We are anticipating that the final interference signal through the interferometer will be -4 x 10 counts per second. This should generously exceed the noise of the detector ( < 100 sec-1).
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Time between drive pulse and I Figure 13 . For each plotted point, we perform the following experiment: The initially cold ion is pulsed into a cyclotron orbit of known initial phase and then allowed to evolve "in the dark" for an indicated amount of time, t. Then a pulse is applied which exchanges cyclotron and axial motions, bringing the ion's cyclotron action and phase into the axial mode. As the ion's axial motion rings down, its phase is detected. The appropriate multiple of 3600 is added, and a line is fitted to the points. The slope of the line is the frequency difference between the frequency generator and the trap cyclotron frequency.
The mechanical vibrations of our machine are a principal technical obstacle because they could blur the interference pattern. There are two types of required limits on vibrations. First, the three gratings must move relative to each other by less than -1/4 period (50 nm) during the time the final grating samples the intensity at a given position. Thus, the rms amplitude of relative vibrations integrated over all frequencies greater than the reciprocal of the integration time must be less than -50 nm. The second requirement is related to the motion of the gratings due to acceleration of, or rotation about, the center of mass of the grating system during the 1.3 ms time it takes for the atoms to traverse the interferometer. This means that below -900 Hz the rms acceleration must be less than 10-2 ms -2 , and the rms angular velocity must be less than 10-5 radians per second.
We have solved our vibration problem by using a combination of passive isolation and active feedback. The passive isolation system consists of small pneumatic feet which act like damped springs to support the machine and give it a 3-Hz resonant frequency. This isolates the machine from building noise at higher frequencies. We have used the active feedback system to stabilize the relative posi- tions of the three gratings at frequencies below ~ 150 Hz. This system works best at low frequencies < 10 Hz) where the passive system is least effective. The reduction of relative motion provided by the active system will allow us to use much longer integration times when we are looking for the interference signal. The active feedback system uses a laser interferometer which has the same transmission grating geometry as the atom interferometer. We mounted the gratings for the optical interferometer on the same three translation stages as the matter wave gratings to record the exact relative orientation of the matter wave interferometer. We apply the signal from the optical interferometer to provide a measure of the relative alignment of the three grating platforms to a Piezoelectric translator (PZT) through a feedback network to stabilize the platforms ( figure 14) . With this system, we have adequately reduced the relative rms motion (at frequencies less than 0.3 Hz) of the gratings from -1500 to 40 nm. We also reduced the rms acceleration in a frequency range to which the interferometer is sensitive from 1.1 x 10 -2 to 2.3 x 10-3 ms -2 , which is safe by a factor~ 5, ensuring sufficiently low angular velocities of the apparatus.
We have also made significant progress in overcoming another technical obstacle, the relative alignment of the atom gratings. For all points along the height (3 mm) of our ribbon shaped beam to have the same phase of interference signal, the gratings must be aligned to an angle of _ 10-5 rads. with respect to rotations about the beam axis. We accomplished this by using a technique based on the optical polarizing properties of the gratings.
In addition to the work on vibrations and alignment mentioned above, our main progress during 1989 was construction of the various mechanical components that position the gratings inside the vacuum envelope. Also, we have written computer software and built electronic hardware to control the position of the three grating platforms and the detector, and the height, angle and position of the second collimating slit. Instead of directly varying the voltage of the PZT that controls the position of the last grating, now we will use the computer to vary the null point of the active feedback system when we are searching for interference fringes.
When we have successfully demonstrated this interferometer, our first experimental objective will be a demonstration of Berry's phase with bosons. Another experiment could be an improved measurement of the Aharonov-Casher effect. 
Publications
Magnetic Trap for Neutral Atoms
Now that techniques for trapping neutral atoms are well established, 16 the field of neutral atom trapping has moved from infancy to adolescence and the emphasis is now on doing experiments with the trapped atoms.
Currently, our main effort in neutral atom trapping is cooling trapped atoms to low temperatures. While this remains a difficult and elusive goal (to date, we have only achieved microkelvin temperatures with untrapped atoms), the rewards for supercooling trapped atoms are significant. The long confinement times, together with the reduced thermal motion of cold atoms, could result in a new era of ultra-high resolution spectroscopy and precise frequency standards. Potentially more exciting is the possibility of combining the high densities achievable in traps and the long deBroglie wavelength of ultra-cold atoms to observe novel quantum collective phenomena.
At present, we are trying to demonstrate cyclic cooling of magnetically trapped neutral atoms. 17 A combined laser and radio frequency cooling scheme should allow us to cool our atoms to microkelvin temperatures. During the past year, we tried a newly designed cyclic cooling scheme that operates in a magnetic field of less than 300 gauss. (We currently trap atoms at a minimum field of 1500 gauss.)
We have modified our superconducting magnets so that our trap operates at low magnetic fields. This modification, resulting in improved decoupling of the trapped atoms from the powerful slowing laser, could allow us to load more atoms into the trap than was previously possible. In addition, we have made many other modifications to the magnetic trap to optimize detection of cooled atoms and to extend the lifetime of the trapped atoms. We plan to test this trap during 1990.
As the only group in the world capable of doing both rf and laser spectroscopy of trapped atoms, we have performed laser fluorescence and absorption spectroscopy of magnetically trapped sodium atoms.
Currently, we are analyzing the data from this research.
Studying the theory of the radiative decay of densely confined atoms, we have found a substantial modification of the spontaneous decay rate of trapped atoms due to their quantum statistics. Finally, we completed a study of the Zeeman-tuned laser slowing process in the magnetic trap. 18
Slow Atom Source
During 1989, we began building a simple, intensive and continuous source of slow atoms which can also separate the atoms from the laser light used to slow them. Separating the atoms is a crucial requirement, permitting additional low intensity laser light to collimate, focus and cool the slow beam further. This source of slow atoms is useful for loading traps or for atomic beam experiments because we do not have to introduce intense slowing laser light.
The technique we developed uses a continuous "zeeman slower," 19 a spatially varying magnetic field, to compensate the changing Doppler shift of the atoms in the slowing process and a second orthogonal laser beam to deflect and extract the slowed atoms. This simple, compact system has a 25-cm long zeeman slower and ignores atoms which start with thermal velocities greater than 600 meters/second. Since it slows only the low velocity portion of the Maxwell-Boltzman distribution, a low oven temperature (about 180 centigrade) is desirable. With this low temperature, the slower needs a large orifice to provide the requisite flux.
The major difficulty in making a continuous and intense slow atomic beam is in effectively extracting slowed atoms from the strong, slowing laser beam. We will extract the slowed atoms in a region of low magnetic field by using light pressure from a beam with two frequencies to circumvent optical pumping to hyperfine levels not excited by the laser. Figure 15 shows the configuration of the experimental arrangement.
In the zeeman slower, the slowing laser slows atoms with velocities smaller than 600 meters/second at position a to about 150 meters/second at position b where the magnetic field is held near zero. The deflection laser deflects atoms slowed further by the intense slowing laser beam to velocities below 100 meters/second at c. c is right circular polarized with a strong sideband spaced at 1.77 GHz to repump the F=1 ground state atoms. So far, we have observed slowing of nearly 1010 atoms per second with photodetectors mounted inside the zeeman slower.
